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Heinrich-Buff-Ring 16, 35392 optical emission spectroscopy (OES) in conjunction with principal component analysis

Giessen, Germany (PCA). Instead of relying on a theoretical microscopic model of the plasma emission to

extract plasma parameters from the OES, an empirical correlation is established on the
basis of conducting simultaneous OES and Langmuir diagnostics. The measured
reference spectra are simplified and a PCA is performed. The PCA results are correlated
with the plasma parameters of the Langmuir measurements yielding a one-to-one
correspondence. This correlation allows us to derive the plasma parameters by analysis
of a non-invasively determined emission spectrum without additional Langmuir
measurements. We show how the plasma parameters can be calculated from OES
measurements using this correlation. Under the assumption that the electronic system
thermalizes on much shorter time scales than the period of the RF signal driving the
thruster, we can also use time-resolved spectral data to determine the time evolution
of plasma parameters. In future, this method may contribute to shorter test and
qualification times of RITs and other ion thrusters.

Keywords: Optical emission spectroscopy, Plasma parameters, Principal component
analysis

Introduction

Electric propulsion (EP) systems are nowadays commonly used on spacecrafts [1, 2]. Due
to their high thrust to fuel consumption ratio as well as their large variety of different
implementations and usable propellants, EP systems are a versatile alternative to their
chemical counterparts in many in-orbit applications. One type of EP system is the radio-
frequency ion thruster (RIT), which was developed at the Justus Liebig University of
Giessen in the 1960s [3, 4]. Inside a RIT, a plasma of the propellant is sustained by induc-
tive heating of its electrons. Positive ions (usually xenon) are accelerated by a system of
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extraction grids and expelled from the thruster, thus generating thrust according to New-
ton’s third law [1, 2, 5]. The plasma in the discharge vessel is responsible for the thruster’s
performance. Thus, knowledge of plasma parameters (e.g., electron temperature and
density) may give valuable insight into the erosion processes inside the plasma vessel and
of the grid system, but also thruster performance in general. Usually, plasma parameters
are determined using invasive electrical probes [6, 7]. For a RIT or other thrusters during
qualification for space, it is not desirable to use invasive probes inside the plasma vessel,
as they affect the thruster’s performance [6] and, if installed permanently, will constitute
an additional possible source of failure.

In this paper a method is introduced that utilizes non-invasive optical emission spec-
troscopy (OES) to assess plasma parameters of an operating thruster. It may be used
during terrestrial testing in the context of the qualification process for space. Depend-
ing on the thruster, an optical probe can even be installed outside of the ion plume, so
plume and probe do not affect each other. Usually, assessing plasma parameters by OES
requires complex theoretical modeling of the electronic states of the atoms and ions of
the plasma and, via the scattering and recombination processes, their occupation and the
optical transitions contributing to the emission spectrum in order to derive a theoretical
spectrum which may be compared with experiment.

To circumvent the involved challenges, we pursue an empirical approach which avoids
entirely the use of a microscopic plasma model for extracting the plasma parameters
from an optical emission spectrum. We measure emission spectra simultaneously with
the plasma parameters in a RIT like setup and correlate the results with the help of a prin-
cipal component analysis (PCA)[8]. This correlation can then be used to determine the
state of a plasma non-invasively by simply acquiring an optical emission spectrum and
employing the established correlation as long as the plasma is operated in the same range
of plasma parameters as used for the reference data set. Ultimately, the method shall be
applied to thrusters such as RITs to give an easy and uncomplicated access to plasma
parameters and contribute to shorter test cycles and qualification times. It might also be
used to optimize a RIT to, for instance, reduce its extraction grid erosion, which partially
depends on the plasma parameters and limits its lifetime [9, 10]. Operation of the RIT
with low mass efficiency results in a low ionization degree of the plasma and causes more
charge exchange reactions, leading to increased sputtering of the acceleration grid. High
mass efficient operation, on the other hand, causes a higher electron temperature, which
may lead to sputtering on the screen grid.

In case of an RF-plasma, the excitation as well as the plasma parameters and OES are not
constant but oscillating in time [11-14]. To examine the time-dependent plasma param-
eters, time- or phase-resolved spectra can be measured and evaluated using the found
correlation.

A brief description of a typical theoretical model is given in “Theoretical and empirical
model” section together with a comparison to our approach. The experimental details are
described in “Experimental details and theory” section, in particular, the Langmuir and
OES measurements as well as the PCA approach correlating the two measurements are
explained. The resulting correlation, its application to time-resolved spectra and a corre-
sponding discussion are given in “Results and discussion” section. The paper is concluded
in “Conclusion” section where the method is rated and an outlook on future applications

is given.
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Fig. 1 Schematic description of the work flow necessary to extract plasma parameters from an experimental
optical emission spectrum S’ (1) by comparison with microscopic theory. The theoretical model contains a
microscopic description of the plasma as well as of the electronic states of its ions and atoms. The occupation
of these states needs to be modeled based on the microscopic processes inside the plasma. The intensities
of the optical transitions need to be calculated based on the occupation of the electronic states and the
transition matrix elements in order to obtain a theoretical spectrum Siheo (A), which can then be compared to
the response-corrected experimental spectrum to obtain the plasma parameters

Theoretical and empirical model

Theoretical plasma models exist, e. g., for argon [15-28] and xenon [25, 29-38]. A possi-
ble use of such a model for extracting plasma parameters from optical emission spectra
is shown schematically in Fig. 1. Such models are typically tailored for a specific applica-
tion. For other applications, such as using other gases, the theoretical model needs to be
modified.

In electric propulsion, alternative propellants such as krypton and iodine gain consid-
erable interest [39, 40]. In case of molecular propellants like iodine I these models would
become increasingly complex. For a successful description of the corresponding plasma,
such a microscopic model requires many microscopic input parameters like excitation
cross sections for all relevant species, including I, I}, I, I” in case of an iodine plasma.

Furthermore, the microscopic parameters serving as basis of such a model like, for
instance, transition matrix elements, scattering cross sections etc. are usually not accu-
rately known, as they are, in many cases, difficult to derive theoretically and to verify
experimentally. Typically, some simplifications and assumptions are made to compensate
the lack of information and to reduce the complexity of the model. Heavy gases like xenon
have a large number of electronic states. Ref. [41] lists 443 levels for neutral Xe, 161 for
Xe™, 157 for Xe?* and a lot more for higher ionized xenon ions. Since not all of these lev-
els are relevant in a real plasma, only some levels are considered in the modeling (e. g., 173
levels in Ref. [33] or 38 levels in Ref. [38]). So the number of considered levels can vary

from one model to another. Neglecting levels may, however, cause errors in the calculated
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population of other related levels. Another typical simplification is the negligence of
uncommon excitation processes like ion-atom collisions or excitation from meta-stable
states. However, these processes are necessary in some cases to yield a reliable correlation
between OES and plasma parameters [30]. Whether a simplification or assumption in a
model is justified can only be verified by a direct comparison with experiments.

Therefore, we decided to avoid the microscopic modeling entirely and correlate the
optical spectrum directly to measured plasma parameters using multivariate data analy-
sis techniques. In contrast to the theoretical plasma model, our empirical approach does
not require any microscopic input other then the measurement of the plasma parame-
ters. A schematic description of our approach is shown in Fig. 2. We measure a reference
data set of emission spectra simultaneously with the plasma parameters in a RIT like
setup operating with a propellant plasma, such as xenon. A Langmuir diagnostics is
permanently installed inside the discharge vessel. Using a Langmuir double probe [42]
the electron temperature and density can be measured. The analysis of the OES refer-
ence data is performed by applying a PCA [8]. The results from both measurements
are analyzed and a one-to-one correlation between the principal components and the
electron temperature and the electron/ion density is established. This correlation can
be employed to extract plasma parameters non-invasively from plasmas operating under
similar conditions as the reference plasma, for instance, inside a thruster. For this pur-
pose, an optical emission spectrum S'()) is measured and expanded in terms of the
PC of the reference data to yield its PC scores. Then, using the established correla-
tion between PC scores and plasma parameters, n,, and T}, corresponding to S'(1) can
be obtained.

reference data set experimental
simultanepu§ OES gnd spectrum S'(A)
Langmuir diagnostics with unknown
{T.. n., S(A)} plasma parameters
(same OES setup and settings
¢ as for reference spectrum)
PCA of {S(\)} v
— PCq; : s
— PC, scores »| Expansion of S'(A)
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¢ components
- — PC/
correlation !
T.(PC)
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v
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Fig. 2 Schematic description of our measurement-based correlation between optical emission spectrum
and plasma parameters. First, a reference data set is measured consisting of simultaneously performed OES
and Langmuir diagnostics. The measured spectrum is transferred into a simplified coordinate system using
PCA, which yields the axes PCg; and the coordinates or scores PC; of the spectra on these axes. The scores PC;
are then correlated with the measured plasma parameters. The correlation can then be used to extract
plasma parameters from a measured spectrum S'() by calculating its scores PC/ and inserting them into the
correlation
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Fig. 3 Experimental setup for simultaneous optical emission spectroscopy and the Langmuir double probe
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Experimental details and theory

The experimental setup used is shown in Fig. 3. An inductively generated plasma is
ignited in a 10 cm diameter cylindrical quartz glass discharge vessel of a RIT-10. Basi-
cally, it is a RIT-10 without an extraction system or surrounding vacuum. The gas inlet
in this setup also contains the Langmuir double probe, which is used to determine the
electron temperature 7. and density ne [6,7,42] . The glass vessel facilitates an easy opti-
cal access to the plasma from behind. The spectrum was measured at a position close to
the Langmuir probe. The Czerny-Turner spectrometer used is connected to an intensi-
fied charge-coupled device (ICCD) camera. In the observed spectral window from 820
to 840 nm the system has a resolution of approximately 28 pm/pixel. This spectral win-
dow was chosen, since neutral xenon has several strong lines in the near-infrared region.
Six of them lie in the observed window. The ICCD is capable of both continuous-wave
(cw) and time-resolved measurements on the nanosecond scale and was operated with
20 ns time resolution here, i.e., the acquisition time was 20 ns long after a predefined time
delay. The corresponding trigger was a 0 to 5V rectangular signal taken from the radio-
frequency generator (RFG). For each delay time, several 100 acquisitions were recorded
and accumulated. By varying the delay time in the range of 600 to 1400 ns a series of opti-
cal emission spectra is obtained which covers the time evolution of the plasma parameters
during one RF excitation cycle. The gas flow into the discharge vessel is controlled by
a mass flow controller (MFC). The plasma was excited by the RFG at a resonance fre-
quency of approximately 1.2 MHz corresponding to a period of the RF cycle of 0.83 us.
The RFG input power was varied while keeping the gas flow constant. The experiments
were performed for various gas flows.

An example of a cw OES measurement is shown as an inset in Fig. 4. The six xenon lines,
(1) to (6) are assigned to the optical transitions between Xe® states using the NIST data
base [43]. The electronic states involved are shown in the main graph. The upper levels of
the six transitions observed in this experiment can be populated either by direct excitation
or by another spectral transition (the strongest are shown in Fig. 4). In Table 1, wavelength
position, relaxation time, qualitative relative intensity and the involved electronic states
are given for each transition according to the data provided in Ref. [41] and [43].
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Fig. 4 The measured spectral range from 820 nm to 841 nm exhibits six xenon transitions, which are shown
in the energy level scheme for neutral xenon generated from the data from Ref. [41]. A corresponding
example spectrum is shown in the inset. The strongest transitions feeding the upper levels of the observed
transitions are also shown. The relaxation times of the transitions are given according to Ref. [43]. Using the
labeling given in the figure, the transitions can be found in Table 1 for additional details

As examples a series of cw OES measurements is shown in Fig. 5a with the correspond-
ing Langmuir double probe measurements in Fig. 5b. Here, the RF input power was varied
at a constant gas flow of 0.1 sccm.

The line intensity ratios differ only slightly in the spectra shown in Fig. 5a. All spectra
were intensity-normalized over the measured range. The effect can be observed best for
the two strongest lines at 823.2 nm and 828.0 nm. Here, the 823.2 nm line increases with
higher input power, while the 828.0 nm line decreases. The plasma parameters determine
the population of the energy levels. At different operating points with different plasma
parameters the levels are populated differently with electrons, resulting in other line ratios

when the electrons recombine radiatively.

Principal component analysis

Instead of founding the analysis on individual line ratios, we made use of the entire
spectral information in terms of relative intensities available in a spectrum of a given
operational point by performing a PCA of all spectra [8]. The PCA technique can sim-
plify the complex correlations between several measured lines and the resulting plasma
parameters by reducing the dimensions of the data set. Similar techniques for dimension

reduction which may offer an alternative and may also yield satisfying results are Linear
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Fig. 5 The two strongest lines (see Fig. 4) of intensity-normalized xenon spectra for a measurement series at
0.1 sccm gas flow at different operating points (see also Fig. 6) (a) together with the corresponding Langmuir
double probe measurements (b). This series of spectra is part of the reference data set

Discriminant Analysis [44], Non-negative Matrix Factorization [45] and Factor Analysis
[46].

A total of m spectra is measured as a reference data set. A spectrum consists of # data
points, i. e., n wavelength positions and corresponding emission intensity values. Each of
the m spectra yields a data point in an n-dimensional space, where each of the n wave-
length positions of the spectrum corresponds to one coordinate axis and the intensity
value to the specific coordinate on that axis. The PCA simplifies the data by reducing this
n-dimensional space into, for example, a two-dimensional space, that represents the data
best. This is done by finding the axes with the highest variance in the data.

First, the average spectrum of the entire reference data set Spca (1) is subtracted from
each spectrum S(1). To derive the new coordinates, i. e., the PCA-axes, the covariances
oj; of each of the n wavelength positions with every other wavelength position (including

itself) are calculated using

m
o= 3w~ (g %) where ¥ =% =0. M
k=0
Here, xy; and x;; are the values of wavelength positions i and j of the spectrum k. Since
the average intensities of each wavelength position x; and x; were already subtracted
before, they are now zero.
With these covariances the covariance matrix C is set up

000 001 " OOn
010 O11 *** O1n

c=|(. . | (2)
On0 Onl *** Oun

Diagonalizing C yields its eigenvalues, which correspond to the variance of the data on
the principal component axes PCg,;(1). The PC-axes are the eigenvectors of C.
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To transfer a spectrum into the new coordinate system spanned by the eigenvectors
PCg,; (1) and obtain its coordinates, i. e., the PC scores, the spectrum is scalar multiplied
with each eigenvector

PC; = (S(0) — Spca(L)) - PCE4 (). ®)
A

The spectrum can now be written as

S() = Spca(M) + Y PC; - PCei(M). (4)

The percentage of the variance on each axis of the total variance shows how well the data
is represented. If the sum of the variances of PC; and PC; is already close to the total
variance, these two axes are sufficient to describe the main differences in the data.

Evaluation of the Langmuir probe measurements

The plasma parameters obtained from the Langmuir double probe measurements were
evaluated using a modified version of the standard procedure described in Ref. [6], [7]
and [42], which is more robust against deviations from the theoretical ideal. First, the ion
saturation current Is is determined as the intercept of a linear fit of the saturation region
(approximately < —20 V and > 420V in Fig. 5b). The slope a of the fit is subtracted from
the measured U-I-characteristic (Icorrected () = I(U) — a - U). Afterwards, Iorrected (U)
is divided by I to normalize the U-I-characteristic. Next, the electron temperature 7, is
extracted from the maximum slope. A polynomial fit of third order (f(x) = Z?:o a; - x')
around U = 0 £ AU is used instead of a linear fit, because the resulting slope is less
affected by the chosen fit bounds AU. The maximum slope of this fit is given with smax =
— %a% /as + a; and yields the electron temperature according to

e

Te (5)

B 2KkB - Smax '
The electron density 7. is calculated from s, Te, the probe area Ap, and the ion mass
Mion according to

Isat  [mion
= . 6
"e = Ape\ keTe (©)

It should be noted that the definition of a temperature assumes a Maxwellian electron
energy distribution function (EEDF) [6, 7, 42]. For an RF plasma, the EEDF can deviate
from the Maxwellian ideal, as the fast electrons in the Maxwell tail are suppressed [21,

47]. In particular in a theoretical microscopic plasma model, the EEDF can have a major
impact on the calculated spectrum and therefore on the extraction of plasma parame-
ters by comparison between microscopic model and experiment. In case of our empirical
approach the specific EEDF is not relevant, as long as it is comparable in model setup
and later measurement, which should be the case when the optical emission spectra are
comparable.

Results and discussion

Before performing the PCA, the measured spectra are compressed by considering only
the intensities or areas of the spectral lines (see e.g. Figs. 4 or 5a). This prevents small
wavelength shifts in the range of several tens of picometers to influence the PCA result.
The line intensities are then used as input variables for the PCA. The PCA vyields a set
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of new orthogonal coordinate axes, i.e., the principal components PCg; (i = 1,..,n),
along which the spread in the data set is maximum, as they are the eigenvectors of the
variance. The PCg; are numbered serially to descending variance weight, i.e., PCg,; car-
ries the highest weight, followed by PCg 5 etc. Often, the first few PCg; already collate
most of the variance (e. g., 90 %), and thus plots of the PC scores of a spectrum in a low-
dimensional coordinate system spanned by those PCg; can separate the data adequately.
In case of our data, PCg,; and PCg are sufficient to fully distinguish between the spec-

tra obtained at different operational points of the plasma, i. e., corresponding to different
plasma parameters. The results are shown in Fig. 6a. It can be seen that the individual data
points are clearly separated. The cloud of data points representing all spectra analyzed
has a “triangular” shape. Towards lower PC;-values, the plasma extinguished. Towards
higher PC; -values the input power limitation of the RFG was reached. The plasma is sta-
ble even at lower input powers at higher gas flows. Therefore, more measurements were
possible at higher PC,-values. With decreasing gas flow towards lower PCy-values, the
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Fig. 6 PCA scores from the cw OES measurements of a xenon plasma (@) and the corresponding electron
temperatures and densities from the simultaneously conducted Langmuir double probe measurements (b).
The PCA scores of the spectra shown in Fig. 5a from the 0.10 sccm measurement series (shown in red here)
are clearly distinguishable. The input power increases from left to right in both plots (a) and (b). The fits of the
electron temperature (c) and density (d) over the PCA scores are the depict correlation between OES and
plasma parameters
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minimum power to sustain the plasma increased, until eventually reaching the RFG input
power limit. Therefore, only a few points could be measured in this range.

The plasma parameters electron temperature 7, and electron density 7. corresponding
to each spectrum from the Langmuir measurements are shown in Fig. 6b. Here, the cloud
of data points also exhibits a triangular arrangement. The reason for this shape is the same
as discussed above for the PCA data in Fig. 6a.

While the data points are spread quite homogeneously in Fig. 6a, the data sets corre-
sponding to various gas flows in Fig. 6b are very close for low T, and far apart for high Te.
This means that the sensitivity of T, on the neutral gas density increases with decreasing
gas flow. This change in sensitivity on the gas flow can barely be observed for the OES
data in Fig. 6a. In a series of spectra where the RFG input power was varied, the corre-
sponding data points are rather equally distributed, resulting from constant steps of the
RFG input voltage. The data points plotted by red symbols in Fig. 6a and b correspond to
the series of optical emission spectra and corresponding Langmuir measurements shown
in Fig. 5a and b, respectively. It can be seen that the red data points string together well
underlining that the PCA and the restriction to the PC scores of PCg,; and PCg, grabs
the differences in the spectra sufficiently to clearly distinguish between them.

By using a polynomial fit of the form given in Eq.(7) the plasma parameters from
Fig. 6b can be described as a function of the PCA-scores from Fig. 6a, yielding the sought

correlation
3 i+j<3 )
f(PC1,PCy) =) > aj-PC} - PC). 7)
i=0 j=0

The fitted surfaces for the electron temperature and density versus the scores of PC; and
PC;, are shown in Fig. 6¢ and d, respectively. The R?-values of the fitting procedures were
0.984 (T,) and 0.998 (n,), so the fitted surfaces are well suited for describing the measured
data. The choice of a polynomial fitting surface of order 3 is the result of an optimization
process. In other cases, such as other propellant gases or the choice of another spectral
window, fitting with lower or higher polynomials may turn out the best choice.

To apply this correlation to a measured spectrum S’ (1) for which the plasma parameters
are not known, the eigenvectors of the PCA PCg ;(A) are needed in order to extract them.
The eigenvectors are scalar multiplied with the spectrum S’ (1) from which the average of

the intensities initially used for the PCA Spca (1) are subtracted, as shown in Eq. (3). The
resulting coordinates of PC; and PC; can then be inserted into the polynomial expres-
sions describing the fitted surfaces Te(PC1, PCy) and n.(PCj, PCy) shown in Fig. 6¢ and
d to obtain 7T, and 7 corresponding to S'().

In order to minimize experimental uncertainties the optical spectra and Langmuir
parameters were measured at almost the same position inside the plasma (see Fig. 3). It
is essential to keep the deviations between the spots probed by OES and the Langmuir
probe as small as possible, because the plasma parameters may vary locally inside the ves-
sel. A large distance between the measurement positions introduces uncertainties when
employing the established correlation for extracting plasma parameters from another sys-
tem. In principle, the correlation may be employed on any other Xe plasma source where
the plasma parameters lie in the same range as used here for establishing the correlation.
Having established a reliable correlation, it can be used to spatially monitor the plasma
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parameter variation inside a plasma vessel. For example, such spatial mapping will further
benefit the understanding of the processes inside an ion thruster.

The relaxation times of the observed transitions are in the range of 24 to 327 ns and
even longer in case of radiative transitions whose higher electronic state is fed by other
higher lying states (see Fig. 4 or Table 1). Compared to the RF period of approximately
833 ns, not all of these times are significantly shorter. This can cause different relative
line intensities, when the plasma is driven with another radio frequency, and the popu-
lation of the electronic states cannot follow the RF excitation. Because of such effects, it
is of paramount importance to make sure that reference spectra and probe spectra are
recorded with the corresponding plasmas driven by the same radio frequency.

Time-resolved measurements

The time dependence of the example OES measurement from Fig. 4 is shown in Fig. 7.
The graph shows the variation of the line intensities obtained from a series of optical
emission spectra taken at different delay times. Here, the integrated line intensities of the
six strongest lines in the spectrum are plotted as the relative deviation from their corre-
sponding average value during one RF cycle. The intensity of each line oscillates about its
average value with twice the radio frequency. This is anticipated as the power input is pro-
portional to the RF field squared. During one RF cycle, the electrons are accelerated the
most at the maximum and minimum electric field, but in opposite directions. The excita-
tion of the gas atoms and ions in the discharge chamber is strongest at these two points in

0.10 T T T T T T
~«— maximum intensity of spectral
0.05 transition with fastest relaxation tims_ 840.92
: . nm
0.00
-0.05 834.68 nm
-0.10
>7015 828.01 nm
2 -0.20
L
c
o 025 826.65 nm
=
E -0.30
o
-0.35 823.16 nm
-0.40
-0.45 820.63 nm
-0.50
-0.55
-0.60 . . . . .
00T 02Tge 04T 06T 08T 1.0 Te
time
Fig. 7 Time evolution of the intensities obtained from a series of spectra taken at different time delays. The
average spectrum of this series is shown in Fig. 4. The intensities are divided by the corresponding average
line intensity and shifted by 0.1 towards each other for better visibility. The local maximum of the spectral
transition with the fastest relaxation time is indicated by the dashed line. The slower spectral transitions show
a small phase shift of approximately 10 to 30 ns (except 840.92 nm, where it is slightly more). The radio
frequency driving the plasma was 1.281 MHz, so Tgr = 780 ns
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time and weakest at times when the electric field crosses zero, resulting in an oscillation
with twice the radio frequency as visible in Fig. 7.

Assuming that the time response of the electron system to changes of the RF excitation
is faster than 20 ns, we can assume that each emission spectrum taken at a specific time
delay is characterized by a set of plasma parameters. Thus, time-resolved OES measure-
ments like those shown in Fig. 7 can be evaluated using the correlation method described
above to obtain the time-evolution of the plasma parameters during one RF cycle. How-
ever, it should be noted that some of the excitation and relaxation processes leading to the
optical spectra possess characteristic times on the nanosecond scale leading to a phase
shift between the cosine curves describing the intensity variation in Fig. 7. If a relaxation
time is very long compared to the oscillation period, the phase of the oscillation will lack
behind and its amplitude will flatten, eventually down to zero [11-13]. When comparing
the oscillations of the 840.92 nm and the 828.01 nm lines in Fig. 7, which have 327 ns and
27.1 ns [43] relaxation times, respectively (see Fig. 4 or Table 1), this effect already starts to
occur. A similar phase shift can be observed for the 823.16 nm line which has a relaxation
time of 35.0 ns [43]. This is still short compared to the approximately 390 ns oscillation
period and indicates, that the upper level of the 823.16 nm line is not excited directly, but
is fed through one or several higher lying electronic states with longer relaxation times,
as shown in Fig. 4 or Table 1. The free electrons are able to follow the RF, so the excita-
tion of the electronic states should follow, too. The relaxation of the electronic states on
the other hand cannot necessarily follow. For now, we will assume that the evaluation of
the time-resolved optical spectra is a valid approach, since the phase shift of the inten-
sity oscillations in Fig. 7 against each other of approximately 10 to 30 ns are rather short
compared to the oscillation period of, in this case, 390 ns. Whether this leads to a reliable
determination of time-resolved plasma parameters has yet to be verified, for instance, by
a PIC (particle in cell) modeling of the microscopic processes inside the plasma. A set of
lines with faster relaxation times or lower RF frequencies will reduce the errors made.

(a) (b)
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Fig. 8 PCA scores of the time-resolved optical emission measurements for a xenon plasma driven with

1.2 MHz RF excitation (a). The defined region that is mapped by the scores of the cw optical emission spectra
from which the correlation has been established is shown in red. Scores of time-resolved spectra outside this
region cannot reliably be used to estimate plasma parameters as they lie outside the area where the
one-to-one correlation was established and fitted. Plasma parameters extracted from the fitting in this range
are uncertain. The oscillation of the PCA scores as a function of delay time is shown in (b) for a series of
time-resolved spectra. Mass flow, RF input power and average electron temperature and density are given in
the plot. PCy and PC, oscillate with twice the radio frequency as the corresponding line intensities in Fig. 7
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To extract the time evolution of the plasma parameters from the optical emission spec-
tra taken at different time delays, the PCA scores for the series of spectra need to be
calculated with respect to the PCA eigenvectors derived from the cw measurements. The
PCA scores are obtained by scalar multiplication with the PCA eigenvectors of the cw
measurements as described in equation (3) and are shown in Fig. 8a. It can already be seen
that some PCA scores in Fig. 8a lie outside of the mapped area of the cw data for which
the correlation with the plasma parameters was established by the fits. Therefore, the
plasma parameters extracted for these data points employing the fitted correlation will be
rather unreliable. Nevertheless, plotting the scores of the PC; and PC; values obtained as
a function of delay time yields an oscillating behavior with twice the radio frequency (see
Fig. 7b).

With the PCA scores calculated the polynomial fitting functions describing the param-
eter surfaces in Fig. 6¢c and d are used to translate these scores into plasma parameters as
described by Eq. (7). This way, the time evolution of the plasma parameters during one RF
cycle can be obtained. Some examples of such time evolutions are shown in Fig. 9. Note
that some measurements yield rather stable results, while others are mostly estimations
since their PCA-scores are outside the reliable region defined by the cw measurements
shown in Fig. 8a. In Fig. 9a it can be seen that the amplitude of the electron density oscil-
lation during an RF cycle increases with increasing average electron density, i.e., with
increasing RF input power. The electron temperature in Fig. 9b, on the other hand, is
almost constant over the RF cycle for the curves obtained from series of spectra at higher
RF input power. In contrast, the two curves obtained from series of spectra at lower input
power exhibit strong oscillations. Such strong oscillations in electron temperature may
lead to a sputtering rate of the RIT screen grid that is higher than anticipated from the
average electron temperature.
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Fig. 9 Plots of the time evolution of electron density (a) and temperature (b) for a xenon plasma driven by
1.2 MHz RF excitation for various operation parameters calculated from the PCA scores (see Fig. 8b) of
time-resolved optical spectra (see Fig. 7). Mass flow, RF input power, frequency as well as average electron
temperature and density are given in the legend. Parameters resulting from data points outside the mapped
region (see Fig. 8a) are ill defined and plotted as smaller symbols connected by a dotted line. The plasma
parameters oscillate with twice the radio frequency
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Conclusion

A method of non-invasively extracting plasma parameters from an OES using a corre-
lation based on a reference data set of simultaneously recorded optical emission spectra
and Langmuir measurements has been presented and validated. The method utilizes the
high sensitivity of a PCA to detect small and multi-dimensional changes occurring in
the emission spectra of the plasma inside an ion thruster at different operational points.
The PCA results are fitted to plasma parameters obtained by Langmuir measurements
yielding a one-to-one correlation. Using this correlation, plasma parameters can be deter-
mined with just the non-invasive OES measurement. We have also demonstrated that our
correlation approach can be used to monitor the time-evolution of the plasma parame-
ters in an RF plasma, electron temperature and density, during an RF cycle. Knowledge of
the time dependence of plasma parameters will help to identify critical operation points
of RITs and other thrusters and to optimize their performance. Furthermore, it will yield
valuable input parameters for theory, i.e., help to further develop theoretical models of
such thrusters. In addition, the approach is not restricted to xenon as propellant and may
be also employed in case of alternative propellants such as krypton or iodine. Typically,
the plasma parameters also vary spatially inside a macroscopic plasma vessel. Thus, the
approach described has the potential to spatially resolve the distribution of plasma param-
eters inside a plasma vessel. Carefully conducted, our approach provides a powerful tool
for determining the plasma parameters non-invasively by OES without having to rely on
microscopic modeling.
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